This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. -/-mice displayed motor deficits resembling PD symptoms, including limb rigidity and both slower ambulation (bradykinesia) and reduced rearing activity in the open field. In addition, these mice exhibited more numerous α-synuclein-positive LB-like inclusions within the substantia nigra pars compacta (SNc) and reduced numbers of SNc dopaminergic neurons than age-matched wild type (WT) mice. These pathological changes were also accompanied by loss of dopamine terminals in the dorsal striatum. Conclusion: The TN −/− mouse exhibits several key features of PD and so may be a valuable model for studying LB formation and testing candidate neuroprotective therapies for PD and other synucleinopathies. E.-s. Wang and X.-p. Zhang contribute equally to the study.
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Introduction
Parkinson disease (PD) is a neurodegenerative movement disorder characterized by resting tremor, bradykinesia, rigidity, postural instability, and gait disturbances. Nonmotor symptoms, including dysfunction of the autonomic nervous system, sensory and sleep disturbances, and neuropsychiatric symptoms are also common [1] . While PD may be diagnosed at any age, it is most common in the elderly, afflicting approximately 1% of individuals over 60 years of age and 4% above 85 years of age [2, 3] . In this late-onset PD, typically identified in individuals over the age of 70, postural imbalance and gait impairment with accompanying rigidity and akinesia are cardinal symptoms. In contrast, early-onset PD in individuals less than 50 years of age is typified by a dominant tremor and slowly progressive motor decline [4, 5] .
The principal neuropathological features of PD are moderate to severe dopaminergic neuron loss within the substantia nigra pars compacta (SNc) and the presence of Lewy bodies (LBs) in surviving neurons [6] . It is thought that the combination of Lewy pathology and dopaminergic cell loss leads to striatal dopamine (DA) depletion, resulting in akinesia and other motor symptoms [7] . Diagnosis before the onset of motor deficits is critical for future preservation of function because motor symptoms do not appear until approximately 60% of dopaminergic neurons in the SNc are lost [8] .
The identification of biomarkers for presymptomatic PD will allow for earlier neuroprotective treatment, possibly slowing disease progression. Our previous study suggested that tetranectin (TN), a plasminogen kringle 4 binding C-type lectin, and apoA-I may serve as potential biomarkers for PD [9] . TN was first identified as a secreted protein in 1986 and is thought to regulate proteolytic processes by binding to the ubiquitous circulating protease plasminogen [10, 11] . It is also believed to regulate mineralization in osteogenesis as well as myogenesis during both embryonic development and muscle regeneration [12, 13] . Reduced serum TN concentration in several cancers is considered an indication of poor prognosis [14] . One proteomic study reported that TN is one of four proteins elevated in the cerebrospinal fluid (CSF) of patients with multiple sclerosis [15] , although another study reported high TN concentrations (~0.5 mg/L) in normal CSF [16] .
Tetranectin is clearly dysregulated in several diseases. In this study, we examined whether knockout of TN might induce pathological changes and motor deficits characteristic of PD. Indeed, we found that aged TN −/− mice showed several pathological, neurochemical, and behavioral features of PD, thus establishing the TN −/− mouse as a valuable model of PD pathogenesis.
Materials and Methods
Animals TN heterozygous mice were obtained from the Shanghai Research Center for Model Organisms (license number: SCXK (Hu) 2009-0023). Heterozygous mice were backcrossed ten generations onto the C57BL6/J background. All mice were genotyped by polymerase chain reaction (PCR) of genomic DNA isolated from tail samples at weaning. The primers used for PCR genotyping were as follows: TN, Forward: 5′-TTC CTG TCC CAG GTC ATT GC-3′, Reverse: 5′-GAA CAG CGC CTC GTT CTC TA-3′. Thirty TN −/− and 30 wild type (WT) littermates were used for comparative analysis.
Evaluation of motor dysfunction
Twelve-month-old TN −/− and WT mice were monitored by videotape and periodic behavioral testing for 12 weeks to determine the presence, severity, and progression of motor dysfunction. We adopted the semiquantitative behavioral rating scale used widely to assess Parkinsonian phenotypes in animals [17] . The rotarod test (Columbus Instruments, Columbus, OH) was performed to further assess sensorimotor coordination and balance. Mice were retrained over two consecutive days on a rotarod apparatus consisting of a rotating spindle 8.5 cm in width and 7 cm in diameter, requiring the animal to walk forward continuously to avoid falling. The spindle was gradually accelerated from 0 to 30 rpm over 1 min and continued at 30 rpm for an additional 2 min. Mice were given as many trials as required to reach this performance criterion, after which they were returned to their home cage until testing the following day. Mice that did not reach this criterion were eliminated from the present study. The rotarod test was conducted at the required time points with three trials for each mouse, and the turns and average latency to fall were calculated and recorded for each group. Motor activity and posture were assessed by placing TN −/− and WT mice in a large open field allowing for unrestricted and uninterrupted movement and exploration. Rigidity was assessed by measuring passive resistance to movement of the forelimbs and tail. Tremor-like limb movements were monitored in the home cage (28.5×17.5×12 cm, AccuScan, Columbus, USA). Motor deficits were rated as absent (0), mild (1), moderate (2), marked (3), or severe (4) and scores on individual tests were averaged to yield a composite score. In addition to the rating scale, motor function was assessed using a computerized three-dimensional activity monitoring system (AccuScan Digiscan Model RXYZCM) that measures activity by the frequency of infrared beam breaks as the animals' movements traverse beams in the x, y, and z planes. Total distance (cm) traveled and rearing activity was automatically determined by the beam breaks in the horizontal and vertical planes. Time spent at the spot of placement in the center of the open field was also recorded. All behavioral assessments were conducted by co-authors blind to animal genotype and treatment history. For the apomorphine test, 12-month-old TN −/− and WT mice received subcutaneous (s.c.) injection of apomorphine hydrochloride (APO) at 1.0 mg/kg and the mean composite motor function score was measured as described above.
Histopathological and biochemical analyses
Twelve-month-old mice were sacrificed by intraperitoneal (i.p.) injection of overdose pentobarbital (60 mg/kg), followed by transcardial perfusion of 100 ml 0.1% heparinized normal saline (0.9%) and then 200 ml of 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains were removed, postfixed in 4% PFA for 1 day, cryoprotected in 30% sucrose for 2 days, and stored in isopentane at -70ºC for histochemistry. Fresh tissues were used for biochemical analysis. When brains were required for both biochemical and histopathological studies, the brains were divided mid-sagittally. One hemisphere was immediately dissected on ice and stored at -70°C until required for biochemical analysis. The other hemisphere was postfixed, cryoprotected, and stored as described.
Measurement of striatal DA and DA metabolites by High-pressure Liquid Chromatography (HPLC)
WT and TN −/− mice (n = 6 per genotype) were killed by cervical dislocation and the striatal tissue dissected out, weighed, and homogenized by sonication in ice-cold 0.4 M perchloric acid (10% wt/ vol) containing 3,4-dihydroxybenzylamine (DHBA) as an internal standard for subsequent HPLC. Homogenates were centrifuged at 25,000 g for 10 min at 4°C and supernatants were collected. DA and 3,4-dihydroxyphenylacetic acid (DOPAC) concentrations were measured by electrochemical detection using the peak height ratio and expressed in pmol analyte per mg striatal tissue (original wet weight).
Western blot analysis
Striatal tissue was isolated, weighed, and homogenized in ice-cold RIPA buffer supplemented with phosphatase and protease inhibitors. After centrifugation, supernatant proteins were quantified using the Bradford assay. Proteins were then resolved by SDS-PAGE and transferred to PVDF membranes (BioRad, Hercules, CA). The membranes were incubated with anti-DAT or anti-TH primary antibody (1:500; Abcam, Cambridge, USA), washed, and incubated in a horseradish peroxidase (HRP)-conjugated secondary antibody. Bands were visualized using ECL reagent (Pierce, Rockford, USA) and quantified by ImageQuant software. β-actin was used as a protein-loading control.
Immunohistochemistry
Mice were sacrificed for immunohistochemistry by overdose of sodium pentobarbitone and intracardially perfused with PBS followed by chilled 4% PFA in PBS. Brains were prepared as described in Section 2.3. Fifteen-micrometer sections were cut on a cryostat, blocked in PBS containing 1% goat serum and 0.1% Triton-X 100, and incubated at 4°C overnight with anti-α-synuclein (mouse IgG, 1:500; Chemicon, CA, USA), anti-ubiquitin (rat IgG, 1:500; Chemicon), and anti-tyrosine hydroxylase (mouse IgG, 1:500; Chemicon). After washing, a streptavidin HRP complex (1:1000; Dako, Carpinteria, CA) was applied to the sections for 1 h. Immunolabeling was visualized using a diaminobenzidine peroxidase substrate kit (Vector Labs, Burlingame, CA). Sections were counterstained with hematoxylin and eosin. We used the staining characteristics of dopaminergic cells to train machine-learning algorithms for identification and cell counting in each image using CellProfiler Analyst, which allowed manual classification of randomly presented nuclei and error correction of machine-classified nuclei.
Gene expression analysis
Quantitative real-time PCR (qPCR) was used for gene expression analysis of α-synuclein. Fresh brain tissue was pooled according to genotype and RNA isolated using the Picopure RNA Extraction Kit (Arcturus, Carlsbad, USA). The RNA was reverse-transcribed using the Superscript III qPCR RT Kit (Invitrogen, Burlington, Canada) and qPCR performed using the SYBR Green qPCR SuperMix Universal (Invitrogen) on an ABI 9700 system. For insoluble α-synuclein quantification, tissue was treated with proteinase K to digest the soluble proteins and then processed as described above. Primers were designed using Primer 5.0. Relative expression was measured using the ΔΔCT method; beta-actin was used as the internal reference. Primer sequences used were as follows: α-synuclein, Forward: 5′-TCT GGT CAA CAG CCA AAT CCT-3′, Reverse: 5′-AAC ATT TAC CTC TAG TCA GTT GGA-3′; beta-actin, Forward: 5′-GAT CTT GAT CTT CAT GGT GCT AG-3′, Reverse: 5′-TTG TAA CCA CCT GGG ACG ATA TGG-3′.
Statistics
Statistical analyses were conducted using SPSS 12.0 software (SPSS, Chicago, IL, USA). For normally distributed data, paired means were compared using Student's t tests and multiple group means by twoway analysis of variance (ANOVA) and post hoc Tukey pair-wise comparisons. Motor function scores were compared using the nonparametric Freidman test and Dunnett's post test. A p < 0.05 was regarded as significant. Significant changes are marked with a single asterisk in figures, irrespective of the p value.
Results

Aged TN
−/− mice have fewer dopaminergic SNc neurons The number of dopaminergic neurons in the SNc, as measured by counting TH-positive cells in stained sections, was significantly lower in 12-month-old TN −/− mice compared to WT and TN −/− mice ( Fig. 1C and E) , DOPAC levels were significantly elevated in TN −/− mice (Fig. 1D) . Taken together, these results imply that despite a reduction in the number of SNc neurons, there is a compensatory increase in striatal dopaminergic terminals in TN −/− mice.
Development of progressive Parkinsonism
Behavioral analyses were performed by an observer blind to genotype and treatment history. There were no behavior differences between young WT and TN −/− mice. However, TN −/− mice > 12 months old showed slower rotation ( Fig. 2A) and shorter latency to fall in the rotarod test (Fig. 2B ) than age-matched WT mice. At approximately 12 months, all TN −/− animals developed mild bradykinesia (Fig. 2C-F) as measured by lower ambulation and rearing in the open field and motor function scores. During the next 12 weeks, motor dysfunction gradually deteriorated to severe bradykinesia accompanied by moderate to severe limb rigidity and abnormal posture. TN −/− mice also displayed intermittent episodes (up to 3 s) of tremor-like movements in one or both forelimbs when rearing on hindlimbs. However, it is not possible to state with certainty whether this was a resting or postural tremor. Administration of APO (1.0 mg/kg, s.c.) improved bradykinesia, rigidity, and posture in TN −/− mice as measured by the mean composite motor function score (Fig. 2G) . Similarly, L-3,4-dihydroxyphenylalanine (L-DOPA) methyl ester (50 mg/kg, i.p.) improved motor function (data not shown). No spontaneous behavioral recovery was observed during the 12 weeks of observation.
α-synuclein is redistributed in SNc neurons of aged mice
The distribution of α-synuclein in the brain was examined in young and old WT and TN −/− mice by immunohistochemistry (Fig. 3) . The location of α-synuclein-expressing cells was confirmed by comparing adjacent sections stained for α-synuclein or TH (Fig. 3) . We observed an increase in nigral α-synuclein immunoreactivity in older mice (> 18 months old) compared to younger mice (< 6 months old) in both genotypes, but the difference was larger in TN −/− mice (compare Fig. 3E to 3H ), suggesting accelerated formation of inclusions with age.
Subcellular localization of α-synuclein
We also compared the subcellular localization of α-synuclein immunoreactivity in the SNc of young and old mice of each genotype. Three subcellular distribution patterns were Cellular Physiology and Biochemistry
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More LB-like inclusions form in aged TN
−/− mice If the redistribution of α-synuclein observed in aged mice is a pathogenic process analogous to that occurring in PD, we would also expect to see ubiquitinated inclusions and the occurrence of LBs. Nigral neurons in aged mice of both genotypes exhibited α-synuclein inclusions that were also positive for ubiquitin (Fig. 5A) . Immunoreactivity was frequently punctate rather than diffuse, suggesting that microinclusions were being formed. In addition to increased diffuse and punctate staining, we also observed large dense α-synucleinpositive inclusions within the cell bodies of SNc neurons in aged WT and TN −/− mice (Fig.  5B) . These positive inclusions were morphologically and histologically similar to the LBs seen in human PD brains. The number of cells in the SNc containing LB-like inclusions was counted and expressed as a percentage of the total number of neurons in the SNc (Fig. 5C ). α-synuclein inclusions were not seen in 8-month-old mice of either genotype. A significantly higher percentage of SNc neurons in older TN −/− mice exhibited inclusions compared to agematched WT mice. The distribution of inclusions was not homogeneous, with inclusions commonly observed in clusters. 
Discussion
Current available treatments can manage the symptoms of PD, but there are no effective methods to halt disease progression [1, 6] . Clinical treatments are mainly limited to the DA precursor L-DOPA and inhibitors of DA metabolism, which supplement reduced striatal DA [18] , and deep-brain stimulation of the basal ganglia, which can alleviate tremor [19] . The development of treatments that actually arrest PD progression requires a more detailed understanding of the molecular mechanisms responsible for LB formation and other early pathogenic events that precede the loss of dopaminergic neurons.
Neuronal inclusions containing α-synuclein are a pathological hallmark of PD and may be critical in disease pathogenesis and progression. However, little is known of the molecular mechanisms leading to the aggregation of α-synuclein and formation of LBs in the SNc and elsewhere in the brain. Here we demonstrate that loss of the plasminogen-binding protein TN in mice accelerates the age-dependent formation of LBs and results in motor deficits similar to those of PD. The histopathological and behavioral characteristics of these mice may prove valuable for studies aimed at elucidating the genesis of LBs and their role in neurodegeneration.
Tetranectin is thought to play a prominent role in the regulation of tissue remodeling, osteogenesis, myogenesis, wound repair and regeneration [12, 13, 20, 21] . Dietzmann et al. demonstrated that TN was overexpressed immunohistochemically in reactive astrocytes, microglia, and endothelial cells around the lesion zone in the brain following circulatory arrest, suggesting that overexpression of TN may impede tissue repair [22] . Our previous study suggested TN may serve as a potential biomarker for PD [9] . In the current study, we found that TN knockout induced α-synucleinopathy and Parkinsonian motor symptoms, possibly by interfering with the clearance of α-synuclein or accelerating aggregation. We have thus shown that reduced TN levels control the formation of the insoluble toxic α-synuclein assemblies in mouse brain associated with the degeneration of nigral dopaminergic neurons.
The formation of α-synuclein assemblies inhibits the lysosomal activity of glucocerebrosidase in neurons of the idiopathic PD brain, resulting in a self-propagating positive-feedback cycle of α-synuclein accumulation that eventually reaches a pathogenic threshold [23] . This lysosomal proteolytic dysfunction (LSD) is one of the common mechanisms underlying the α-synuclein pathology shared by various disorders. Dysfunction of the ubiquitin-proteasome system also underlies many of these α-synucleinopathies [24, 25] . The parkin gene associated with a recessive familial early-onset PD encodes the E3 ubiquitin ligase involved in ubiquitination of misfolded glucocerebrosidase in dopaminergic neurons. The absence of normal parkin leads to improper degradation of α-synuclein and other E3 substrates, resulting in protein accumulation. The accumulation of ubiquitinated protein inclusions resembling LBs strongly suggests dysregulation of these protein degradation pathways in TN −/− mice. APO, a potent, non-selective, direct-acting dopamine D1 and D2 receptor agonist, was the first dopamine receptor agonist used to treat Parkinson disease, and so had effect on motor deficits in PD [26, 27] . In our study, TN −/− mice displayed several motor deficits, such as mild to severe bradykinesia, moderate to severe limb rigidity and abnormal posture compared to WT mice. However, it is not possible to state with certainty whether this was a resting or postural tremor. Administration of APO improved motor scores in TN −/− mice, while aggravated motor dysfunction in WT mice with elevated composite motor function score, which confirmed that TN −/− mice could mimic the symptoms of motor deficits in PD. This study also examined whether TN knockout altered the concentration of DA, DA metabolites, and α-synuclein in the striatum. We confirmed that DA was elevated in the striatum of aged TN −/− mice, while soluble α-synuclein was reduced in dopaminergic terminals. The decrease in soluble α-synuclein occurred concomitantly with an increase in insoluble α-synuclein in Ideally, a robust animal model of PD will exhibit progressive LB formation, loss of striatal dopamine terminals, loss of dopaminergic neurons in the SNc, and behavioral endophenotypes of PD, including motor and other behavioral symptoms [18, 19] . We suggest that many of the pathogenic processes leading to PD are present in TN −/− mice, such as inclusion formation and increased striatal DA and DAT, which are signs of a compensatory response and model the preclinical disease. These features are not consistently present in other animal models, however, underscore the value of TN −/− mice for future studies. The milder neurological and behavioral manifestation in mice may reflect the shorter life span of these animals.
The TN −/− mouse may provide a new model of synucleinopathy suitable for studying the early pathogenic processes in PD and other neurodegenerative diseases. Oxidative stress due to DA catabolism and the extensive plasticity of DA terminals may increase the vulnerability of the human SNc to α-synuclein accumulation, LB formation, and neurodegeneration. Knockout of TN may exacerbate these mechanisms by increasing the number of terminal arbors per neuron. However, it remains unknown whether TN knockout also leads to other diseases or dysfunction of other organs. Future studies are needed to establish the relative contribution of each of these pathogenic processes to SNc neuron degeneration and determine which are most amenable to clinical intervention.
In conclusion, we show that tetranectin knockout can induce a progressive neurodegenerative disorder in mice that closely recapitulates the features of PD. These studies raise the possibility that a hypofunctional TN gene contributes to the development of the illness in susceptible individuals. In addition, this animal model of progressive PD could provide new insights into mechanisms involved in the neurodegenerative process, and may be useful for developing neuroprotective therapies.
